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Abstract The Rosetta Alice (R-Alice) ultraviolet spectrograph on the Eu-
ropean Space Agency Rosetta spacecraft, currently escorting the comet 67P/Churyumov-
Gerasimenko in its orbit around the Sun, has observed the activity of the
comet since encounter in August 2014. Fortuitous observations taken in Oc-
tober and November 2015, two and three months after perihelion respectively,
show large increases in the Lyman-β, OI 1304, CII 1335, OI] 1356, and CI
1657 atomic emission lines that indicate gas outbursts. Due to the electron
impact on gases in the cometary coma the data is compared to measured
cross sections and line ratios to put constraints on outburst composition.
Analysis of these emission lines and the ratios indicates that each primary
outburst was driven by molecular oxygen and followed by a smaller secondary
outburst. In both cases the secondary outburst contained a different com-
position of CO2 or H2O than in the primary outburst. These observations
support the findings of Bieler et al. 2015 and detail the need for a formation
mechanism that traps O2 in comets during formation.
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1 Introduction
The European Space Agency (ESA) Rosetta mission launched in 2004 to
perform an escort mission of the comet 67P/Churyumov-Gerasimenko, the
first mission of its kind. Following the comet encounter on August 1st, 2014
the Rosetta spacecraft has been able to observe the surface and activity of
a comet like never before. The Rosetta Alice (R-Alice) ultraviolet spectro-
graph on board the spacecraft is able to measure the atomic and molecu-
lar far ultraviolet (FUV) transitions and therefore characterize the atomic
and molecular composition of the comet’s surface and gas surrounding the
comet [Stern et al., 2007]. These observations of a primordial solar system
object are crucial to understanding the formation of the solar system itself.
More specifically, observations of the gas ejected from the nucleus during
outbursts can provide details about the original composition of the proto-
planetary disk that spawned our planets, asteroids, and comets.
Unfortunately, these outbursts do not occur at the request of the instru-
ment teams, and it becomes necessary to make use of any activity that enters
the field of view of the R-Alice instrument. This thesis will discuss in detail
two such outbursts that occurred on October 6th and November 7th of 2015
when the pointing of the R-Alice instrument was not stable or centered on
the nucleus. The composition of these outbursts contains large quantities of
molecular oxygen relative to carbon dioxide and water, which is unexpected
from current formation mechanisms. The detection of O2 driven outbursts
can be explained by variations in the protoplanetary disk’s temperature dur-
ing the comet’s formation.
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1.1 Comets
Since the earliest days of astronomy comets have captured the attention of
humankind. Their earliest interpretations were often as harbingers of death,
but in the current day comets are heralded as veritable treasure troves of
information regarding the cometary reservoirs in the Edgeworth-Kuiper Belt,
the Oort Cloud, and the early solar system.
Comets consist of several general structural components. The innermost
component is the nucleus, a mixture of ice and dust that sublimates from
exposure to sunlight, creating the next component, the coma. The coma
consists of the gas and dust surrounding the nucleus, which eventually begins
to create two tails as the comet approaches closer to the Sun. The dust tail
trails the motion of the comet, while the ionized gas tail will always point
directly away from the Sun due to solar wind.
The orbits of comets are what enable this structure to exist. Their orbits
are elliptical and have two distinct populations. The first are the Jupiter
Family Comets (JFCs) which have an orbital period less than 20 years and
inclinations lower than 30 degrees. Comets with orbits between 20 and 200
years are known as Halley-type comets, but are much fewer in number. These
elliptical orbits ensure that the flux on the surface of the comet is constantly
changing. The received power on the surface of the comet varies as 1
d2 , where
d is the heliocentric distance. As the comet approaches lower heliocentric
distances the cometary activity, or emission of gas and dust, will increase by
roughly that factor. This increase in power received by the comet will also
drive outbursts of gas that may or may not contain a dust component, as
7
the heating of the surface increases the temperature of gas pockets, causing
fractures and ruptures in the surrounding surface and releasing gas. R-Alice
coma observations containing O2 were first reported on 67P/Churyumov-
Gersimenko in October of 2014 [Feldman et al., 2015], but remained highly
variable.
1.1.1 Comets in Solar System Formation
Comets have long been thought to be time capsules of the protosolar neb-
ula, with their icy nuclei carrying evidence of chemical components of the
protosolar nebula and clues to the formation of the planets and solar system
as whole. The atomic and molecular characteristics of these planetesimal
nuclei, having formed beyond the frost line, where water gas in the nebula
freezes to ice, of the protosolar nebula at temperatures near 30 K, should
be relatively unchanged in the 4.5 billion years since formation. The astro-
physical importance of studying comets lies in the composition information
captured in these comets, providing astronomers with an in situ sample of a
Population II, or second generation, protosolar nebula composition.
However, this theory requires that the icy planetesimals are formed in one
of two ways; simple hierarchical accretion of ice and rock [Weidenschilling,
2008] or gas-grain instability of the solar nebula driving formation of gravita-
tionally unstable “pebble piles” [Jansson and Johansen, 2014]. In addition,
the location of this formation of the comets in the protosolar nebula will
affect their composition. To determine where in the protosolar nebula a
comet has formed it is necessary to measure the volatile content of the gases
released. These volatiles can be measured directly by the ROSINA-DFMS
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mass spectrometer [Balsiger et al., 2007] on board Rosetta or indirectly by
R-Alice observations of emission lines.
1.1.2 Structure of 67P/Churyumov-Gerasimenko
Comet 67P/C-G was not the primary target of the Rosetta mission, but the
secondary target after the launch date for 46P/Wirtanen, the primary target,
was missed. This has proven to be a rather fortunate turn of events as 67P/C-
G is a ”fresh” comet, having only had its perihelion distance lowered after a
Jupiter encounter in 1959. Due to the unique properties of the comet it is
necessary to review some of its general characteristics and their implications.
The comet has a bi-lobe structure, most likely the result of a low-velocity
collision between two distinct bodies [Rickman et al., 2015]. However, whether
these bodies were of the same original fractured body or two unique bodies
remains to be determined. The larger lobe has dimensions of 4.1×3.3×1.8 km
and the smaller lobe has dimensions of 2.6×2.3×1.8 km [Sierks et al., 2015].
A narrow section connects the two and has been nicknamed the “neck”,
making the larger lobe the “body” and the smaller lobe the “head”.
These dimensions have been coupled with the mass of the comet to de-
termine a density. The mass of the comet was determined to be 1.0 × 1013
kg, and when divided by the observed volume of 21.4± 2.0 km3 produces a
density of 470 ± 45 kg/m3. Given that the comet is expected to be made
mostly of water ice and dust, with a density between 1500 and 2000 kg/m3, it
can be inferred that 67P/C-G is somewhere between 21−41% porous [Sierks
et al., 2015].
The portion of the body facing the neck contains pits that range between
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50 to 300 m in diameter and from 10 to 200 m deep. Early on in the mission
these pits were sources of minor activity, but as the spacecraft had to retreat
due to star tracker issues beginning in March 2015 the ability to pinpoint
activity location on the nucleus diminished. The most active pits have a
diameter/depth ration near 1, while others are much less deep and appeared
to be filled with dust and other debris. [Sierks et al., 2015] theorized that
these shallower pits could “wake up” as perihelion of the comet approached
on August 12th, 2015, though observational evidence of this is difficult to
resolve.
The head contains a much different morphology than the body, displaying
far more linear structures and cliffs [Groussin et al., 2015]. Fracturing can
be seen all over the nucleus, possibly due to the large thermal variation that
the nucleus sees during the course of its orbit. These temperature variations
can be as large as 150 K for each orbit, placing a large amount of stress on
the porous nucleus structure [Sierks et al., 2015].
1.2 Ultraviolet Spectroscopy
All baryonic matter in our universe interacts with light. These interactions
and their consequences are what allow astronomers to explore the vast space
around us and characterize properties of distant objects. The particular
region of the electromagnetic spectrum of interest to the R-Alice instrument
is the ultraviolet (UV), so it is necessary to review the processes that can
create a spectrum in the UV.
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1.2.1 Blackbody Radiation Spectra
A spectrum is substantially different from a traditional exposure taken with
two spatial axes. Rather than two spatial axes a spectrum is produced by
measuring the flux from different wavelengths of light that are most com-
monly measured along one spatial scale.
The most common way to create a spectrum is blackbody radiation, where
an object with temperature T will produce a smooth emission spectrum that
follows the equation known as Planck’s law:
Iν(ν, T ) =
2hν3
c2
1
e
hν
kBT − 1
(1)
Which relates the power I in energy per unit time at some frequency of
light ν to the temperature of the body the radiation emits from. An ideal
blackbody spectrum is smooth and lacks any emission or absorption lines.
The surface of 67P/C-G is too cold to emit at UV wavelengths, but some
stars are hot enough (10,000 to 30,000 K) to have a significant blackbody
spectrum on the FUV detector. This necessitates a method to eliminate any
rows of the detector exposed to stellar flux during a determination of any
flux from the coma of the comet, detailed in Section 2.3.1.
1.2.2 Solar Reflectance
The temperature of the Sun (5780 K) produces a blackbody spectrum that
peaks in the visible wavelengths of light (5000 A˚) but also emits a significant
amount of radiation in the near ultraviolet (NUV) wavelengths as well. This
solar radiation can then be reflected off of the cometary nucleus to produce a
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solar reflectance spectrum between 1500 and 2150 A˚ on the R-Alice detector.
The flux of photons in the NUV area of the detector is most commonly several
orders of magnitude higher than the FUV due to this solar reflectance, and
while useful for performing composition studies of the surface [Feaga et al.,
2015], will not be the focus of this thesis. However, due to its presence in
the same area of the detector as the desired CI 1657 A˚ line requires that this
solar reflectance continuum be subtracted in order to only measure the CI
1657 A˚ emission from fluorescence and electron impact when the nucleus is
present in the slit.
1.2.3 Emission Lines
The simplest transitions for the hydrogen atom return an electron in an up-
per state to the ground state, a transition series known as the Lyman series.
The most common Lyman transition, Lyman α is from the second electron
energy state (n=2) to the ground state (n=1). This 2-1 transition produces
a photon with a wavelength of exactly 1215.67 A˚ in the rest frame of the
atom, which lies in the ultraviolet wavelengths of light. The interplanetary
medium, composed mostly of hydrogen, emits Ly-α so any spectrum contain-
ing sky will contain Ly-α. The 3-1 transition, Lyman β, produces a photon
with a wavelength 1026 A˚ and subsequent transitions like Lyman γ have
shorter wavelengths with decreasing change in wavelength between photons
characteristic of each transition.
Similar transitions happen for all atoms and molecules, each creating their
own unique emission line at a specific wavelength or wavelengths. Rotational
and vibrational transitions from atoms have emission lines with longer wave-
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Figure 1: An example average spectrum gathered by the R-Alice instrument
with typical emissions labeled.
lengths than can be detected by R-Alice, and will not be discussed. Collecting
these photons with a spectrograph allows much better quantitative analysis
of the composition of gases and surfaces than imaging alone. These transi-
tions can be triggered in two ways that are significant for the subject of this
thesis: resonance fluorescence and electron impact.
1.2.4 Resonance Fluorescence
The most common source of these electron transitions comes from solar pho-
tons. The UV photons from the Sun can excite electrons in atomic and
molecular gases to higher energy levels, and when these electrons relax a
photon is emitted. For atomic gases these emitted photons will possess an
energy that is the same as the original incident photon. R-Alice is sensitive to
these photons produced from resonance fluorescence of cosmically abundant
elements and some of the simpler molecules like H2 and CO. The combina-
tion of resonance fluorescence, solar reflectance, and the anomalous feature
detailed in section 1.3.1 are seen in an example spectrum in Figure 1.
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1.2.5 Electron Impact
The second source of UV emission lines from the near nucleus environment
results from the impact of energetic electrons on atoms and molecules. These
electrons largely originate from photoionization of H2O and CO2 by UV
photons or energetic particles and are typically present with energies between
25 and 50 eV [Feldman et al., 2015]. The cross section, σ, of a particular
emission line is the likelihood of an energetic electron causing the excitation
of a orbital electron in a parcel of gas with some column density. They are
called cross sections because they have the units of cm2, an area, despite
being a probability. The cross sections for a large set of emission lines have
been determined for many gases in a lab setting at a range of electron energies
[Ajello, 1971a], [Aarts and De Heer, 1970], [Ajello, 1971b], [Makarov et al.,
2004], [McConkey et al., 2008], [Mumma et al., 1972]. This lab data provides
a set of experimentally determined emission line ratios to comparison to R-
Alice data.
The emission line ratios that are the most significant for R-Alice data are
from lab tests of H2O, CO2, and O2 [Ajello, 1971a], [Ajello, 1971b], [Makarov
et al., 2004], and [Mumma et al., 1972]. The wavelength resolution of the lab
test is an order of magnitude better than the R-Alice MCP detector due to
detector differences. This means that resolved multiplets in lab data appear
as blended emission lines in R-Alice data. The strongest emission lines in
R-Alice observations, and thus the best to use when comparing to lab data,
are HI Lyman-β at 1026 A˚ that has some contamination from OI 1027, 1040,
and 989 A˚ lines that are unresolved; the OI multiplet at 1304 A˚ ; the spin-
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forbidden intercombination multiplet (5S◦-3P ), from the fifth S orbital to the
third P orbital, for OI] at 1356 A˚ that is only produced by electron impact
from the cascade from the 5P -5S◦ transition; and the CI multiplet at 1657
A˚ . When available the CII 1335 A˚ multiplet can also be used, but is much
less accurate due to its low flux. The HI Lyman-α emission line at 1216 A˚
cannot be used accurately due to the large effect of gain sag on that area of
the detector, limiting sensitivity and increasing the error associated with the
emission line.
Table 1 details the emission line ratios expected from electron impact on
several gases as derived from [Ajello, 1971b], [Ajello, 1971a], [Mumma et al.,
1972], and [Makarov et al., 2004]. No lab tests have been carried out testing
what emission lines can be expected from a mixture of electron impact and
resonance fluorescence, a test that will be required to fully determine the
observed column densities in these observations.
Gas CI1657
HILy−β
OI1304
OI]1356
HILy−β
OI1304
H2O ≤0.1 ∼3 ∼3
CO2 Dominant ∼1 ∼2 ∼2
CO2 and O2 ∼3 ∼1 ∼1
O2 Dominant ≤0.1 1.2 1.2-1.5
Table 1: Electron impact emission line ratios for various gases and com-
positions relevant to comet outbursts derived from [Ajello, 1971a], [Ajello,
1971b], [Makarov et al., 2004], and [Mumma et al., 1972]
1.3 The R-Alice Spectrograph
The R-Alice Spectrograph was designed to characterize the surface, coma,
and nucleus/coma coupling of 67P/C-G. Ultraviolet spectroscopy has proven
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to be a useful tool when determining the physical and chemical properties of
astronomical objects. The Alice instrument has seven scientific objectives,
with the most relevant for this thesis stated in Stern et al. 2007:
(4) Study the onset of nuclear activity in ways Rosetta otherwise cannot.
This objective links together the nucleus of the comet to the coma. Obser-
vations of nuclear activity onset cannot be planned, as they are spontaneous
events triggered by the sudden illumination of ice by sunlight or heating of
subsurface pockets of gas that causes a sudden outburst. It is in these sud-
den onset events that reveal previously unexposed ices to space, producing a
relatively pure release of gas indicative of the early formation environment of
the comet. The instrument design is well suited to observing large sections
of the coma parallel to the Sun-comet line, allowing a cross section of any
nuclear activity to be observed in a stare exposure, or a swath of coma using
a slow scanning motion if planned. However, not all activity happens dur-
ing Alice observing blocks, so the geometry of the situations are not always
optimal for analysis, as further detailed in section 2.1.
1.3.1 Instrument
The R-Alice instrument (Fig. 2) is a low-power, lightweight, imaging far-
ultraviolet (FUV) spectrograph designed to gather spatially resolved spectra
from 700-2050 A˚ with a spectral resolution of 8-12 A˚ for sources that extend
the length of the slit.
The Alice slit is 5.5◦ long and has a shape reminiscent of a “dog bone”,
wider on the bottom and top than the middle. The slit is 0.05◦ (100 µm)
wide in the central 2.0◦ and 0.10◦ (210 µm) wide in the top and middle sec-
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Figure 2: An image of the HIPPS prototype spectrograph, of the same design
as R-Alice.
tions. The microchannel plate (MCP) detector active area is 35x20 mm with
a pixel size 34x620 µm for the 1032 spectral columns and 32 spatial rows.
Rows 6-24 are illuminated by the slit, and each row subtends 0.30◦ on the
sky. The detector has dual solar blind opaque photocathodes (CsI and KBr)
and a two-dimensional double delay-line readout enabling spectral and spa-
tial information to be logged. The system uses an off-axis telescope feeding
into a 0.15-m normal incidence Rowland circle spectrograph with a concave
holographic reflection grating, all in an open environment. The system also
experiences an anomalous feature blueward of Lyman β between columns
700 and 900 on the detector most likely due to dust and ions impacting the
detector [Noonan et al., 2016]. An example spectrum is shown in Figure
1. More information on the Alice instrument can be found in [Stern et al.,
17
Figure 3: Diagram of the R-Alice instrument. The instrument has an open
optical path, which is believed to allow nanograins of dust and ions into the
instrument. These nanograins and ions are believed to be responsible for the
anomalous feature seen in Figure 1.
2007].
2 Observations and Analysis
Two fortuitous outbursts were captured by the R-Alice instrument during
observing schemes not designed for optimal characterization of such activity.
The first outburst occurred at midnight on October 5th, 2015, carried on into
the early morning hours of October 6th and the second outburst occurred
almost exactly one month later on November 7th, 2015. Due to the less than
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optimal pointing of R-Alice for both of these outbursts, it is necessary to re-
view the observation design and pointing changes for each day and outburst.
In addition, the geometry and pointing of each observation called for unique
analysis techniques to characterize the temporal details of the outbursts and
each technique must be explained in detail.
2.1 Observations
The R-Alice instrument has multiple observation modes, the most common
one being a five or ten minute histogram that uses the double delay line de-
tector to place incoming photons at a certain row for spatial detail and at a
certain column for wavelength detail. This observing mode is optimal when
R-Alice’s slit is relatively stationary to its target due to the instrument’s
inability to obtain a desirable signal to noise ratio with exposure times lower
than, at a minimum, five minutes. Thus any scanning motion of the slit
in the along-slit direction at a rate greater than the length of the slit will
contain data from areas that are not easily determined by using the Flexible
Image Transport System (FITS) file header. The FITS header information is
limited to reporting the starting pointing information and is unable to report
on the time progression of slit pointing. Until a method is created capable
of using Rosetta SPICE kernels, the commanding language used on Rosetta,
creativity is crucial for interpreting exposures containing spontaneous out-
bursts in non-optimal viewing geometries.
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Figure 4: A Rosetta NavCam image taken on 10/5 2015 at 23:45:02 just after
the start of the outburst. The Sun is situated toward the bottom, illuminat-
ing both the head (northern hemisphere) and body (southern hemisphere).
The flattest portion of the southern hemisphere is facing Rosetta. 3D tool
rendering of the same time is shown in Figure 5.
2.1.1 October 6th, 2015 Geometry and Spacecraft Pointing
Starting on the night October 5th at midnight and continuing into the morn-
ing of October 6th, the R-Alice instrument was performing a steady off-nadir
angle scan. This same period of time also saw an increase in activity from
the nucleus of 67P/C-G, captured in the NavCam image in Figure 4.
The scanning motion was along the Sun/comet line, parallel to the direc-
tion of the slit as seen in Figure 5. The rotation of the comet rotated the
area of activity into and out of the R-Alice field of view during the hours
following the initial outburst, causing an increase and sharp decline in the
20
Figure 5: Rosetta 3D tool rendering of the same time as Figure 4. Notice the
R-Alice slit is offset from the comet slightly but still parallel to the Sun/comet
line in yellow. The rotation of the comet follows the right hand rule about
its rotation axis, which is pointed out of the page.
emission line strength. However, it is difficult to determine the level to which
these variations are affected by the comet’s rotation or change in activity.
2.1.2 November 7th, 2015 Geometry and Spacecraft Pointing
The geometry and pointing of the R-Alice instrument was significantly dif-
ferent on November 7th compared to October 6th. The majority of obser-
vations that managed to capture the outburst were taken while the R-Alice
instrument was performing “ride along” exposures as another instrument per-
formed rapid raster-type scans of the comet nucleus and near nucleus coma.
The location of the spacecraft relative to the comet was 230 km, nearly a
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Figure 6: A NavCam image taken from Rosetta stretched to show activity
in the sunward direction in late hours of 11/7. The smearing is a result of
image stretching to bring out the activity.
factor of three times closer than for the October 6th event.
The top of the slit lay parallel to the Sun/comet line, and scanning mo-
tions were made perpendicular to the this line. The average off-nadir angle
of detector rows during these scans never exceeded more than 2◦. Using
trigonometry it can be calculated that the scans reach a maximum distance
of (230 km)tan 2◦ ≈ 8 km.
2.2 Pipeline Reduction
Upon downlink of data from the R-Alice instrument to the R-Alice servers
the raw FITS files are passed through an automated pipeline. This pipeline
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converts the number of counts measured per pixel to a flux measurement of
photons×cm−2s−1sr−1A˚−1 and writes a new linearized FITS file containing
this information.
Due to the dogbone shape of the slit mentioned in section 1.1.1 the solid
angle subtended on the sky by each row varies slightly. This difference is
not accounted for in the data pipeline and is taken into account in the anal-
ysis code written for this thesis. When performing the calculation from
photons×cm−2s−1sr−1A˚−1 to Rayleighs, a unit of air glow brightness, the
difference was accounted for in the code via a coefficient that is dependent
on the width of the slit for the row the count was measured in.
2.3 Analysis
For accurate analysis of the large amount of data taken for each event there
are several techniques implemented with the Python programming language.
The first, and most general, was subtracting a continuum off to accurately
measure the emission line peaks. For the data taken on October 5th and
6th there was no need to worry about spatial resolution due to the constant
scanning of the slit along the Sun/comet line, so all of the detector rows were
summed to maximize signal to noise. Each file was summed and a background
subtraction performed. This grand sum was then fit with Gaussian functions
for each one of its emission lines. These Gaussian functions were then inte-
grated over a 3σ bounds to calculate the total flux of the emission line. For
the November 7th and 8th event the scanning of the slit made also made it
advantageous to sum flux for each row at each of the desired emission lines.
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The right ascension (RA) and declination (Dec) of each row is contained
in the FITS header, making it relatively easy to use trigonometry and the
scipy.interpolate function to create brightness maps. These brightness maps
lie within the two dimensional plane perpendicular to the spacecraft/comet
line.
2.3.1 Continuum
The continuum fitting routine implemented for the analysis is straightfor-
ward. Each spectrum, whether that is the grand summed spectrum of all
rows or a single line spectrum, is broken up into four different sections based
on column number. For each section a wide median boxcar kernel is applied,
producing a continuum with the most common flux value for that section.
These sections are then subtracted from the actual spectrum to leave just
the emission lines. This method allows any reflected solar blackbody radia-
tion mentioned in Section 1.3.2, which would produce a sloped background
continuum, to be subtracted off below the CI 1657 emission line, but not any
nucleus reflected solar OI 1304, Ly-β, and CI 1657 emission lines.
In the event that an O,B, or bright A star finds its way into the slit,
creating a continuum across all of the lines of interest, there is a check in
place in the code to discount any row with a star. This only applies to the
code that fits the summed data, the code for the brightness map does not use
a similar exclusion. Due to stars in the bottom of the slit for the November
7th outburst there are hotspots on the side of the comet opposite of the
outburst.
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Figure 7: An example plot of the line fitting code with test data in blue,
initial guess in red, and final fit in green. The spectrum has been continuum
subtracted. While fit, Ly-α isn’t sufficient enough to be used in data analysis
due to difficulty with the interplanetary medium.
2.3.2 Line Fitting
Once the continuum has been subtracted the HI Lyman-β, OI 1304, CII
1335, OI] 1356, and CI 1657 emission lines can be fit. This method searches
in the general column region of the detector that the emission lines occupy,
finds the maximum value in that region and its column number, assumes
that is the peak of the Gaussian, and then uses an approximate value for
the standard deviation σ. Using this value for σ, a measured value for xmax
and xavg is approximated the equation for a Gaussian can be defined for each
emission line:
y = xmaxe
−(x−xavg)2
2σ2 (2)
and this equation is iterated over up to 5,000 times with the SciPy CurveFit
package until it represents the actual data in the column region (Figure 7).
The true emission line strength in Rayleighs is then found by solving the
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integral: ∫ 3σ
−3σ
xmaxe
−(x−xavg)2
2σ2 dx (3)
for each of the five emission lines in each FITS file. The error on each line is
calculated by the equation:
σtotal =
√
σ2lf + σ
2
bg (4)
Where σlf is the error on the line fit produced by SciPy.CurveFit and σbg
is the standard deviation of the background, measured during a quiescent
period just prior to both outbursts. For the normalized data the error is
computed from the equation:
σnorm =
σbg
µbg
(5)
Where the background standard deviation is divided by the average back-
ground brightness value. For the ratios the error is calculated from
σratio =
√
(
σx
x
)2 + (
σy
y
)2 (6)
Where σx,y are the background standard deviations for emission lines x and
y.
2.3.3 Interpolation
For the event on November 7th combining all rows eliminates some useful
spatial information, so another approach was developed. Rather than sum
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all coma rows, this method involves summing the emission lines of each row
separately. By summing these rows individually the spatial information is
preserved.
To display this spatial information the FITS header information was used
to determine the physical distance, or impact parameter, from a certain row
on the detector and the comet nucleus. This was done by using each row’s
right ascension and declination (RA and DEC), the comet’s RA and DEC,
and Rosetta’s distance from the comet, as well as some trigonometry. The
angular separation in RA and DEC was calculated and converted to a dis-
tance using the small angle approximation and designating RA as the “x”
axis and DEC as the “y” axis.
This provides each pixel with a X and Y distance to the comet nucleus.
To make the brightness maps the SciPy Interpolate function is used. This
function uses the grid of points provided and interpolates between them to
generate a 1000 x 1000 pixel image that fills in the gaps between the points.
While not absolutely accurate since the RA and DEC are provided for the
start of the exposure not constantly during the scanning, the brightness maps
are useful for making sense of the spatial component of the outburst, some-
thing that is unique given the raster motion of R-Alice during the observation.
3 Results
After reviewing the science and analysis methods the results of the observa-
tions can now be discussed. Both outbursts showed indication of a second
but less intense peak of emission lines following the initial outburst. That
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Figure 8: R-Alice spectrum before 10/6 outburst. Note presence of Ly-α
from interplanetary medium and coma emission, weak presence of Ly-β and
OI 1304 from coma emission.
same second peak also shows signs of being of a different composition than
the first based on the emission line ratios. The actual composition of the
outburst is determined to be a mixture of CO2 and O2 though the actual
ratios of those components are difficult to determine.
3.1 October 6th, 2015
After several hours of pointing off of the nucleus on October 5th and just be-
fore midnight the brightness of all measured emission lines began to increase
(compare Figure 8 to Figure 9). By integrating the emission lines for all
spectra taken between the 5th and 6th of October, a plot of their brightness
as a function of time can be used to look for the key moments of activity
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Figure 9: R-Alice spectrum during 10/6 outburst. Notice relatively uniform
brightness of OI 1304/1356 across slit, though CI 1657 and 1561 are present
in the upper rows as well. CII 1335 can be seen in betwen OI 1304 and 1356
in the upper rows as well.
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(Figure 10). When normalized to the brightness of the coma that had been
observed before-hand we see that line brightnesses increased by up to 120
times their quiescent value (Figure 11). Of particular interest is the large
increase in the OI] 1356 line since it can only occur from electron impact and
not resonance fluorescence as a spin forbidden transition.
Looking at the data also shows that a second peak clearly emerges around
UTC 02:00. Comparing primary and secondary peaks between all of the
emission lines shows that the Ly-β emission was actually stronger for the
second peak, while both oxygen lines remained the same and the carbon
lines become constant, but do not increase or decrease significantly. This
difference indicates that the two activity peaks have different compositions.
To build a better picture of the components, comparing the measured line
ratios to the known lab data for electron impact spectra is crucial. Plotting
the line ratios as a function of time (Figure 12) shows that the OI 1304/1356
ratio plummeted from a value of around 7 prior to the activity down to a
value of 1. The ratio remains steady near 1 until roughly UTC 03:00, at
which point the ratio begins to increase exponentially followed by a brief
decrease.
The Ly-β/OI 1304 ratio does not experience as dramatic a change as the
OI 1304/1356 ratio, but unlike the OI 1304/1356 ratio there is a distinct
change in the line ratio during the second peak in activity. After increasing
from an average of around 0.5 prior to the activity to a value of 0.75 for the
first peak the value begins to increase again during the UTC 02:30 peak. The
highest value reached before observations stopped for a brief period is about
1.5, indicating either that Ly-β emission increased by nearly a factor of 2 or
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Figure 10: Brightness vs. Time for October 5th outburst with a three ob-
servation boxcar smoothing applied. Gaps in data indicate periods where no
exposures were taken.
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Figure 11: Outburst data normalized to quiescent levels measured between
04:00 and 10:00 UTC on 10/5. Notice the largest relative increase was for OI]
1356, reaching 120 times its quiescent level. Also notice that the secondary
peak is consistently stronger for Ly-β than the primary, while both CII 1335
and CI 1657 weaken.
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Figure 12: Emission line ratios as a function of time. Of particular interest is
the massive decrease in OI 1304/1356 down to roughly 1 during the outburst,
the spike in Ly-β/1304 during the secondary outburst, and the stable CI
1657/ OI 1304 ratio near 1 over the duration of the outbursts.
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that OI 1304 emission decreased by a factor of 2. Checking Figure 11 shows
that the latter is not the case, so to match the constant ratio seen in Figure
12 for the same time period, the Ly-β is responsible for the increase.
Checking the CI 1657/Ly-β ratio for a similar increase in Ly-β can verify
this theory. As seen in Figure 10 both the CI 1335 and 1657 follow a similar
peak as the other emission lines for the first peak, but level off for the second.
Looking at (12) we can see that after a general ratio of 0.5 before the activity
the ratio increases to 1 in the first few observations of the activity before
dropping to 0.75. At the onset of the second peak the ratio plummets quickly
back down to the quiescent value of 0.5. The line ratios of Ly-β/OI 1304 and
CI 1657/Ly-β as well as the data in (10) of Ly-β indicate that the second
peak had nearly twice as much Ly-β emissions. The implications of these
results are discussed in section 4.
3.2 November 7th, 2015
The unique pointing situation for November 7th described in section 2.1.2
makes brightness vs. time plots useful to identify the peak activity times,
but also allows mapping of the activity relative to the comet. Around UTC
21:00 on the 7th all measured emission lines began to increase following a
period where no observations were made by R-Alice (Figure 13).
The first of these observations contained line brightnesses that were up
roughly 50 times brighter than the quiescent values, with OI 1356 increasing
the most relatively to its quiescent value (14). At their peaks Ly-β, OI 1304,
CII 1335, OI] 1356, and CI 1657 reached 15,4, 35, 50, and 15 times their
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Figure 13: Smoothed data from 11/6 to 11/9.
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quiescent values, respectively.
Applying a similar 3 observation boxcar average smoothing to the data
reveals that there is another peak in the emission lines about four hours later
on November 8th at UTC 01:00 (Figure 13). It is interesting to note that
the relative increase of the CI 1335 and 1657 lines is much larger than the
activity from October 6th, while Ly-β increased by about 15 times compared
to the 120 times increase on October 6th. This implies that the composition
of the November 7th activity is different from the October 6th.
A look at the line ratio plots reveals that the scanning motion has also
made these more difficult to interpret. Unlike the October 6th data where the
slow back and forth scanning motion parallel to the Sun/comet line meant
pointing was similar distances from the nucleus throughout the outburst, the
rapid scanning across the nucleus here has made determining the origin of
the emission difficult in these summed spectra. The scanning motion has
appeared to amplify the noise, making the sum of all rows difficult to use
when analyzing the data. This is reflected in the large error bars on the
ratios.
However, because the R-Alice instrument was performing scanning ob-
servations at the time, using the line ratio plots used for October 6th are
no longer the most effective way to try and determine composition, and the
brightness maps detailed in section 2.3.3 are used instead. The advantage
of the brightness maps is that they allow observations spatially as well as
temporally, but the caveat is that in order to make each map, between 9 and
23 exposures are needed, as detailed in Table 2.
The most interesting brightness maps are bins 1 and 4, which cover the
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Figure 14: Emission line strengths normalized to the quiescent period that
occurred between UTC 17:30 and 23:00 on 11/6, which is very similar to the
quiescent period on 10/5. Notice the large increase in CII 1335 and CI 1657,
especially given the small increase in OI 1304.
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Figure 15: Emission line ratios for the 11/7 event. The rapid scanning motion
of the slit adds noise to the data and makes interpretation more difficult than
the 10/6 event. However, it is clear that there is a shift in line ratios, but by
how much is hard to determine.
38
Bin Number Number of Exposures Used Start Time End Time
1 10 11/7 21:16 11/7 22:07
2 9 11/7 22:13 11/7 22:59
3 10 11/7 23:04 11/7 23:56
4 14 11/8 00:02 11/8 01:58
5 23 11/8 02:50 11/8 04:56
Table 2: Observations and time spans used in each individual brightness
map. The exposures in each bin were used to create five brightness maps to
try and capture spatial information about the outburst. Due to the temporal
variation of the outburst it is necessary to detail the time intervals that each
bin captures. All times in UTC. Bins 2, 3, and 5 are available in Appendix
A.
initial and secondary activity. Bins 2, 3, and 5 contain the activity decay
after and are shown in Appendix A. The maps in bin 1 (Figure 16) show a
large bright swath of activity that appears to be directed at an angle between
the Sun/comet line and the spacecraft/comet line. Had the gas been directed
at a 90◦ relative to the spacecraft/comet line it would have been caught in a
profile from the comet’s surface. Since this is not the case it can be inferred
that the gas is somewhat directed towards the spacecraft.
In addition, line ratio brightness maps can be made to try and constrain
the spatial distribution of the gas composition.
These line ratio brightness maps show that during the bin 1 period (Figure
17) of the initial peak the Ly-β ratio is steady at a value near 0.5, much like
the quiescent values seen on October 6th. In this case we observe a relative
uniformity to the Ly-β ratio in the sunward direction. The anti-sunward
direction has a ratio closer to 1.2-1.5, between 2.5 and 3 times greater than
that in the location of the outburst. Comparing Ly-β to OI 1304 shows that
this low ratio is due to higher brightness of OI 1304 rather than a lower
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Figure 16: Brightness maps of bin 1 in Rayleighs. The slit is aligned with
the Sun/comet line with the Sun towards the bottom left corner of the plots.
Notice the higher brightnesses appearing to spread towards that corner.
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Figure 17: Line ratio maps for bin 1. The Sun direction is in the bottom left
corner of the plot. Notice the low OI 1304/OI] 1356 ratio and the relatively
high CI 1657/Ly-β ratio in the sunward direction.
brightness of Ly-β.
The OI 1304/1356 map for bin 1 reveals that a similar ratio to the October
6th event is present in the general area of the activity. In the sunward
direction the ratio ranges between 0.6 and 1.2, and the anti-sunward side
between 1.8 and higher. Comparing OI 1304 to OI] 1356 maps in Figure 16
shows that there is a small depression in the ratio due to a large patch of OI
1356 emission that is slightly more extended in the sunward direction than
the OI 1304. This depression can be seen between -4 and -2.5 km in on the
x axis and -9 to -4 km on the y axis. In this depression the ratio approaches
as low as 0.6, indicating that electron impact is responsible for a large part
of the emission lines being seen.
Perhaps the most intriguing of the ratio maps is the bin 1 CI 1657/Ly-
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β map. Unlike the October 6th outburst, where the CI 1657/Ly-β ratio
remained below one for the duration of the activity, the November 7th out-
burst has a ration approaching 3. Not only does the ratio reach a level
roughly 3 times that of October 6th, but the location on the map coincides
with the depressed ratio seen in OI 1304/1356. Cross referencing the three
plots shows that not only was the level of Ly-β lower in relation to OI 1304,
but the level of CI 1657 was also higher when compared to October 6th. The
brightness of CII 1335 seen in Figure 16, appears strongly in the same area
as well, supporting the idea that both CI 1657 increased and Ly-β decreased
during the activity.
The brightness and ratio maps produced for bin 4 (Figures 18 and 19)
show a similar pattern to bin 1; both have a lower ratio of Ly-β/OI 1304, a
lower OI 1304/1356 ratio, and a higher CI 1657/Ly-β in the sunward direc-
tion. Contrary to the October 6th outburst, which had different ratios for
the secondary peak, the November 7th secondary activity appears to be the
same.
4 Discussion
Clearly the activity on October 6th and November 7th were different in terms
of emission line brightnesses and ratios, but what does that mean for their ac-
tual composition? Attempting to derive composition from these data is more
a qualitative argument than a quantitative one due to the lack of laboratory
data for a mixed electron impact and resonance fluorescence environment
like that around 67P/C-G. However, the relative intensities of the multiplets
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Figure 18: Brightness map for Bin 4. The Sun direction is in the bottom left
corner of the plot.
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Figure 19: Brightness maps for Bin 4. The Sun direction is in the bottom
left corner of the plot.
it is possible to place limits on the composition of the outflowing gases.
The first step is to eliminate any increases in electron flux as the source
of increased emissions. Had an increase in electron flux been responsible for
these spikes in line brightnesses the line ratios themselves would not have
changed. This does not match up with the change in ratios that occurs for
both October 6th and November 7th, and can be eliminated.
By using both the electron impact cross sections found by [Ajello, 1971b],
[Ajello, 1971a], [Mumma et al., 1972], [Makarov et al., 2004] and [McConkey
et al., 2008] and previous data gathered by Rosetta [Bieler et al., 2015]
and [Feldman et al., 2015] a constraint on the components of these outbursts
can be made. Furthermore, by interpolating between the lab data and ob-
servations an interpretation of the outbursts can be made. A summary of
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the likely compositions is available in Table 3.
4.1 October 6th Discussion
The October 6th outburst is best characterized by a significant decline in the
OI 1304/1356 ratio, which stayed steady at 1 for the duration of the activity.
Based on Table 1, this value alone would indicate that the gas viewed on
the 6th was largely a mixture of CO2 and O2. However, this would only
be the case if electron impact were the sole method of creating emission
lines. In reality, and as detailed in observations of the O2 atmospheres of
Ganymede and Europa [Feldman et al., 2000], [Hall et al., 1998], the ratio
for OI 1304/1356 should be nearer to 0.5 for O2 electron impact spectra (P.D.
Feldmann, priv. comm.). This combination of electron impact and resonance
scattering on the OI 1304 should increase its emission, raising this value back
near its observed value of 1, depending on other sources of OI 1304.
However, this alone is not proof enough that O2 is the driving component
of the outburst and the other line ratios. The other line ratios need to be
analyzed in the context of the OI 1304/1356 ratio to rule out any main com-
ponents. H2O is easiest to eliminate to leave O2 as the driving component.
The Ly-β/OI 1304 ratio is expected to reach 3 for H2O dominated gas for
electron impact spectra [Makarov et al., 2004], but for the first outburst the
value is near 1, indicating that Ly-β and OI 1304 tracked 1:1. This mismatch
in line ratios eliminates H2O as the driving component.
CO2 can also be eliminated as the driving component. The initial peak
in the data showed a CI 1657/Ly-β ratio reaching a maximum value of 1,
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well below the predicted value of 3 from Table 1 if a CO2 and O2 mixture
were responsible. As detailed in 12 this value was not too far removed from
the general trend of the ratio over the course of the day, so it can be inferred
that CO2 most likely did not play a large role in the activity. CO2 can be
eliminated as a driving component by comparing the CI 1657 and CII 1335
emission at the peak of the outburst. The CII 1335 multiplet in Figure 10
does not approach the 1657:1335 2:1 ratio that would imply dissociative ex-
citation of CO2 [Ajello, 1971b] ; [Mumma et al., 1972]. We can also eliminate
electron impact on CO as the source of the CII 1335, which would produce
a CII 1335 emission line brighter than that of CI 1657 [Ajello, 1971a]; [Aarts
and De Heer, 1970]. Given these parameters it seems likely that O2 was the
driving force behind the initial outburst.
The same process can be used for the secondary outburst. Nearly 2.5
hours after the initial outburst, the increase in emission lines occurred again,
this time with Ly-β and OI 1304 experiencing the largest relative increases.
The Ly-β/OI 1304 ratio in this section increases sharply from 0.75 to 1.5.
Again, based purely upon electron impact ratios in Table 1, we might con-
clude that this secondary outburst was O2 dominant, but an O2 dominant
outburst doesn’t double the brightness of Ly-β. The most logical conclusion
is that the Ly-β emission is coming from H2O, potentially sublimating off of
comet walls freshly exposed by the outburst 2.5 hours earlier.
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4.2 November 7th Discussion
The November 7th outburst has several different characteristics that seem to
point at a alternate composition. The high CI 1657/Ly-β ratio compared to
the quiescent value invites questions of whether CO2 or CO is the main driver,
especially given the weak Ly-β component. The change in OI 1304/1356 ratio
during the initial outburst is slight, but still approaches a value near 1 as
seen in the October outburst, so O2 still is a main component. CO can
be eliminated as a driving component since CII 1335 is not stronger than
CI 1657 [Aarts and De Heer, 1970]. Had CO2 been the only component a
CI 1657: CII 1335 2:1 ratio would be seen, further suggesting a O2 and CO2
mixture for the outburst. The values seen in the ratio brightness maps at the
location of highest brightnesses match up almost perfectly with the expected
values for a mixed CO2/O2 gas content seen in Table 1. The only difference
is a lower than expected value for Ly-β, which is surprising since Ly-β is
contaminated with several unresolved oxygen lines (Section 1.3.3)
The exact location of each outburst is difficult to identify due to illumi-
nation and resolution angles. However, a general location can be determined
by looking at Rosetta NavCam images taken near the outburst times. In
both cases (Figure 4, Figure 6) we can see that the southern hemisphere,
or “body”, of the comet appears to be the source of the gas. The south-
ern hemisphere was previously determined to be more CO2 rich than the
northern hemisphere [Ha¨ssig et al., 2015], so it is not surprising to see that
a mixture of CO2 and other gases is responsible. What is surprising is that
a large component of those other gases is O2, which was not expected to be
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significant in gas measurements.
Outburst CI1657
HILy−β
OI1304
OI]1356
HILy−β
OI1304
Main Components
10/6 Primary ∼0.75 ∼1 ∼0.75 O2 Dominant
10/6 Secondary ∼0.4 ∼1.1 ∼1.3 O2/H2O
11/7 Primary ∼2.5-3 ∼1 ∼0.75 O2 and CO2
11/7 Secondary ∼2.5-3 ∼1.2 ∼0.5 O2 and CO2
Table 3: A summary of line ratios for the primary and secondary outbursts
observed by R-Alice and their most likely composition.
4.3 Possible Origins of Cometary O2
The levels of O2 seen are greater than expected despite an inability for R-Alice
to provide a ratio of O2 to H2O for comparison to the previously measured
pre-perihelion level. Bieler et al. [2015] established an average O2/H2O level
using the ROSINA DFMS instrument of 3.80 ± 0.85%, and during these
outbursts comparing the relative strengths of Ly-β and OI 1356, which is
produced about 50 times more by electron impact on O2 than H2O [Ajello,
1971a], [Makarov et al., 2004], indicates that this level increases, though it is
unclear by exactly how much.
The origin of the molecular oxygen in comets remains somewhat of a
mystery. As addressed in Bieler et al. 2015, molecular oxygen in nebulae
remains rather poorly characterized from observations with an upper limit on
O2/H2O ice of ≤ 0.5 [Vandenbussche et al., 1999]. This limit in conjunction
with the intermittent activity that is driven by O2 gas leads us to conclude
that the molecular oxygen was most likely not uniformly incorporated into
the comet during formation. Bieler et al. [2015] suggests gaseous molecular
oxygen formed into solid water ice during the early formation period due
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to temperature swings in the protoplanetary disk from brief increases in
the rate of mass accretion onto the young Sun, spiking the luminosity for
brief periods of time. As the temperature drops from 100 K back to 30 K
in the disk, molecular oxygen on dust grains could be coated in water ice.
An alternate hypothesis is radiolysis of icy water grains from high energy
cosmic rays could occur, which would create O2. The voids created by this
radiolysis would trap molecular oxygen and allow hydrogen atoms to escape,
creating pockets of molecular oxygen [Brown et al., 1982]. However, this
method would also produce O3 from the radiolysis of O2, which has not
been observed with ROSINA. Since 67P/C-G has a porosity between 21-
41%, there are ample cavities for O2 [Groussin et al., 2015] to occupy below
the surface. These methods would also support why outbursts are driven
by O2 but contain CO2 and H2O as well, since the more volatile molecular
oxygen would go through the phase change to a gas at a lower temperature,
increase the pressure in the cavity, and fracture the structure (P.D. Feldman,
priv. comm.). The new data from the outbursts indicates that there are
potentially large reservoirs of molecular oxygen trapped in the comet, which
neither theory satisfies.
The newly exposed water and carbon dioxide ice surrounding the cavity
could then begin to sublimate after the initial outburst to add to the gas
content, which could also explain the secondary outbursts. The spike in
the October 6th outburst increases the Ly-β emission the most relative to
the primary outburst, indicating that primarily water ice was sublimated
at that point. This could possibly be due to an illumination change in the
the cavity where the outburst occurred or a new cavity filled with O2 ice
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sublimating and bursting. In the first case, after the ice was depleted in the
first location a period of time passes, the illumination of the cavity passes
over an area that was previously in shadow, and the secondary outburst.
However, this method doesn’t produce any more O2, and thus would change
the OI 1304/1356 line ratio, which does not happen. More likely is that
a new cavity burst open, supplying both O2 and H2O to the near-nucleus
environment. Applying the same theory to the November 7th secondary
indicates that CO2 ice was largely sublimated rather than water ice, and
with no change in the OI 1304/1356 ratio it can be inferred that an adjacent
cavity possibly burst.
5 Future Work
In order to completely determine the outburst compositions of these events
further lab tests are needed. The tests of electron impact cross sections
on O2, CO2, and H2O by [Ajello, 1971a], [Mumma et al., 1972], [Ajello,
1971b], and [Makarov et al., 2004] respectively provide a good basis but are
not complete for a comet’s coma environment. The addition of resonance
fluorescence to the testing procedure would provide a more complete cross
section that the data could be compared to. Technology has advanced to the
point where it is possible to illuminate and bombard samples simultaneously,
and these observations will help future comet escort and lander missions.
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6 Conclusion
Based on the comparison between measured cross sections of water, carbon
dioxide, and molecular hydrogen and the observed line ratios for the October
6th and November 7th, 2015 outbursts we believe that molecular oxygen
is responsible for the activity. The lower sublimation temperature of O2
increases its volatility and more likely to become a gas in a cavity, rupture
the cavity and cause an outburst that drags newly sublimated H2O and CO2
with it. The secondary outbursts seen in both cases indicate that either the
newly opened cavity most likely opens up other subsurface cavities to the
same process or has its fresh surface illuminated hours later, creating smaller
spikes in the gas. This research supports the results of Bieler et al. [2015]
that found that the levels of molecular oxygen are high enough to no longer
fit current solar system formation models, and that the process that creates
these reservoirs of molecular oxygen in the comet is still unknown.
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8Appendix A: Brightness Maps for 11/7 Out-
burst
Figure 20: Bin 1 brightness map
57
Figure 21: Bin 1 ratio map
58
Figure 22: Bin 2 brightness map
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Figure 23: Bin 2 line ratio map
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Figure 24: Bin 3 brightness map
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Figure 25: Bin 3 ratio map
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Figure 26: Bin 4 brightness map
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Figure 27: Bin 4 ratio map. Notice that the low levels of OI 1304 and OI]
1356 cause large values on the anti-sunward side of the nucleus(upper right
of plot).
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Figure 28: Bin 5 brightness map
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Figure 29: Bin 5 ratio map
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